Although dissolved organic nitrogen (DON) is beginning to be seen as a potentially important nitrogen source for phytoplankton, much remains to be learned about its components and their utilization. Emiliania huxleyi, a cosmopolitan eukaryotic phytoplankton species abundant in oligotrophic oceans and during blooms in some coastal regions, was screened for use of various DON compounds. Hypoxanthine and other purines support the nickeldependent growth of most E. huxleyi strains. Acetamide and formamide but not longer chain aliphatic amides were found to be excellent nitrogen sources for growth; other phytoplankton were also found to utilize acetamide but not formamide. In E. huxleyi, small amides are transported into the cell followed by degradation to ammonia, possibly by amide-specific enzymes. The related molecules hydroxyurea and thiourea were toxic to the cells and caused an increase in fluorescence consistent with blockage of photosystern II. This fluorescence increase was inhibited by urea and acetamide, suggesting transport of hydroxyurea, thiourea, urea, and acetamide by the same or closely related transporters.
Dissolved organic nitrogen (DON) is the major chemical form of N, other than N gas, in marine waters. This pool of N includes a range of compounds whose concentrations have been measured (e.g. amino acids and urea), but is mostly composed of compounds whose identities and concentrations are poorly known (Sharp 1983; Antia et al. 1991; Hopkinson et al. 1993) . Because N is thought to control primary productivity in some areas of the world's oceans, the production rates and biological availability of this pool are clearly important issues. 15N tracer experiments suggest that this pool can be rapidly produced from inorganic N additions and can be available for subsequent utilization (Bronk and Glibert 1991 Bronk et al. 1994) .
The study of the biological utilization of DON can take several approaches. One method is the generation and use of lSN-labeled natural DON for uptake experiments (Bronk and Glibert 1993) .
A more reductionist approach is the characterization of the turnover times (flux and concentration) of individual known compounds added to natural samples. This second approach is limited by the range of compounds that can be chemically analyzed in seawater or are available as labeled tracers. Part of this approach is also the characterization of the metabolic capabilities of microorganisms. It has been known for some time, for example, that photosynthetic microorganisms do not rely solely on inorganic N sources (a paradigm coming out of an agricultural model ; Mills 1989) , but are also able to utilize organic forms of nitrogen (reviewed in Antia et al. 1991) . However, a large range of organisms and a range of nitrogenous compounds and N moieties remain to be examined as sources of N for phytoplankton and other marine microbes. Just as marine chemists have tested the sensitivity of a range of chemical bond types to oxidation in determining dissolved organic carbon (DOC) and DON concentrations (Hopkinson et al. 1993; Lee and Henrichs 1993) , marine biologists could test the biological availability of the same range of chemical moieties. The goal of this work was to examine the abilities of a common phytoplankton, Emiliania huxleyi, to utilize a subset of the potential DON pool, in particular the amides and related corn pounds.
Methods
Strains-All strains were originally obtained from the Provasoli-Guillard Center for Culture of Marine Phytoplankton, Bigelow Lal)oratories, except strain "L", which was obtained from T 11etswaar-t and was originally isolated from waters near Norway, and 12-1, which was isolated from the Sargasso Sea and is deposited as CCMP371. Strains originally contaminated by bacteria were made axenic using variations of standerd antibiotic treatment techniques (Droop 1967 ) and were 1:ested regularly for contamination by microscopic examination and testing on enrichment media (Andersen et al. 199 1) .
Methods-Axenic
cultures were grown in continuous fluorescent cool-white light (0.3-0.5 X lOI quanta s-l cm-2; 50-80 PEinst) at 20°C. Stock cultures of E. huxleyi strains were maintained on a light/dark cycle (in f/20 nutrients) to foster calcifying strains. Media was made with 0.2-pm filtered coastal sez.water autoclaved with f/2 (Guillard 1975) nutrients except for the N sources that were typically added from filter-sterilized stocks. Inhibitors (fluoroacetamide, hydroxyurea, or thiourea) were also added from 0.2-pm filter-sterilized stoc,ks. Cultures were typically grown in 25 ml of media in 50-ml glass tubes. Growth was followed as increasing chlorophyll fluorescence on a Turner-Designs fluorometer (model lo-AU-000 with red-sensitive photomultiplier and filters with excitation wavelength of -450 nm and emission wavelength of -670 nm) or as cell number counted microscopically with a Petroff Hausser counting chamber.
The following compounds were tested as the sole N source for growth in f/2 media at 100 PM (except as noted): uracil, guanine (20 PM) , hypoxanthine (20 ~-CM), xanthine, adenine (50 FM), uric acid, cytosine, allantoin (50 FM), allantoic acid (50 PM), ATP, GTP TTP CTP chitin, formamide, acetamide, butyramide, propionamide, hydroxylamine, creatine, and betaine. A control with no added N was always used to account for the relatively small but unknown dissolved inorganic nitrogen (DIN) and DON in coastal seawater. Nickel was added when testing utilization of pt.-nines and related compounds whose breakdown could require urease. In all experiments with nickel, the element was added as a nickel chloride salt, Owing to sluggish complexation kinetics, it may be out of chemical equilibrium with EDTA (Price et al. 1991) .
For acetamide uptake experiments, uniformly labeled [14C]acetamide (specific activity 10 mCi mmolll) was added to cultures. Samples were incubated in laboratory light levels or as noted. Five-milliliter subsamples were removed with time and filtered gently onto l.O-pm Nuclepore filters, followed by two washes of 5 ml sterile f/2 seawater medium without added nitrate. Activity on the filter was determined by liquid scintillation counting.
For hypoxanthine uptake, 10 PM hypoxanthine was added to cultures and samples were removed with time, centrifuged at 16,000 X g for 2 min to remove cells, and the absorbance of the supernatant was measured at 249 nm (Pe'rez-Vicente et al. 1991) . Absorbance was converted to concentration with the molar extinction coefficient of 12.8 X lo3 liter mol-I cm-l (Antia and Landymore 1974) .
Effects of hydroxyurea and thiourea uptake on cell fluorescence was followed on a Turner-Designs fluorometer set up to measure chlorophyll fluorescence.
For activity assays, cells were harvested, resuspended in a small volume of buffer (-1 ml), and vortexed for 3 min with an equal volume of glass beads (425-600 pm). Cell breakage was determined microscopically. The buffer contained 0.01 M potassium phosphate (pH 7.2), 0.1 M NaCl, 5 mM CaCl,, and 5 mM MgCl,. Cell extracts were removed from the glass beads into a 10X larger volume of buffer (-10 ml). Unbroken cells and debris were removed with a 10-min centrifugation at 1,000 X g. In some cases, extracts were further fractionated into soluble and membrane fractions by centrifugation at 28,000 rpm (100,000 X g) for 1.5 h in a Sorvall Supraspeed centrifuge. Ammonia produced from 100 PM amide additions to cell fractions was assayed with time on l-ml subsamples (Koroleff 1983) ; 100 PM amide was chosen to compare growth and activity per cell datum. The amidase assay was not optimized for buffer conditions or substrate concentrations. Replicate assays of activity on the same sample did not vary by more than 5%.
Protein was quantitated by the Bio-Rad DC method (BioRad).
Results
Amides-Emiliania huxleyi (strain CCMP374) was found to grow on small amides, compounds not previously char- acterized as N sources for marine phytoplankton. In particular, this strain could grow on formamide and acetamide, but not on two longer chain amides, propionamide and butyramide ( Fig. 1 ). The ratio of growth rates relative to growth on nitrate was typically ~1.0 for formamide and lower (0.82-0.85) for acetamide.
To test the generality of this result, other E. huxleyi strains along with some other phytoplankton were tested for growth on acetamide (see Table 1 ). Growth on acetamide ranged from excellent (as fast or slightly slower than on nitrate with growth rate ratios of nitrate : acetamide from 0.9 to 1.2) to very slow for strain CCMP379. Two other prymnesiophtyes, Pleurochrysis carterae (CCMP645) and Prymnesium parvum (CCMP708) could not grow on acetamide, whereas the diatom Thalassiosira pseudonana (CCMP1335) and the dinoflagellate Prorocentrum minimum (CCMP1329) could grow well. In most cases these were single determinations of growth rate, although two negative results-very slow or no growth by CCMP379 and P. carterae, respectivelywere replicated.
Formamide was further tested as a N source for several other organisms (Table 1) . None of these grew well on forman-ride; growth was much slower than on nitrate and not logarithmic, so a growth rate ratio was not calculated. CCMP373 grew more slowly on formamide than on acetamide, whereas CCMP379 and P. carterae grew better on formamide than on acetamide. These results suggest that formamide uptake and(or) breakdown is different from that of acetamide. These results paralleled those of the enzyme activity assays (see below). The other phytoplankton tested did not grow on formamide.
Because some strains could grow marginally on formamide, the abiotic decomposition of this compound was examined. This was < 1% after 1 week in sterile f/2 growth medium in the light or dark, and thus would not account for the observed growth rates of the cells.
The utilization of acetamide or formamide could occur through extracellular deamidation by a cell surface enzyme similar in function to cell surface L-amino acid and amine (Fig. 2) . Cells in different uptake experiments were preconditioned by growth on different N sources or by N starvation. CCMP374 takes up acetamide under all conditions tested, however, including cells growing on ammonia. The uptake rate at 4 PM substrate concentration was found to be typically -1 X lo-l6 mol cell-' h--l (0.6-1.0 for five experiments with varied cell preconditioning). Assuming this is V,,, for these conditions (see Fig. 3 ) and with a N quota of 1 X lo-l3 mol N (0.94-1.57 X lo-l3 mol N cell-' calculated with the Redfield ratio and data for E. huxZeyi from Sunda [ 1992] ), the N required for one cell division would be provided in 42 d. This strain typically grows with a much faster doubling time of 24 h. As discussed below, this result may be due to diffusion of acetate out of the cell.
-
Time ( In addition, it was found that excess urea (100 PM) immediately reduced acetamide uptake by CCMP374 to -14% of its original rate (Fig. 2) . This could be due to either competition for uptake through an acetamide porter or partial shutoff of acetamide transport by urea. In a separate experiment with nitrogen-limited cells, uptake of acetamide was found to be inde:?endent of light levels, occuring in culture light levels (1 x 10'" quanta cm2 s-l and in the dark at similar rates (Fig. 2) .
To examine whether acetamide transport was an accident of low-affinity leakage through the urea transport system, acetamide uptake by N-limited cells was examined as a function of substrate concentration (Fig. 3) . Although insufficient data were obtained for reliably calculating &, uptake was half-saturated in the range of 0.1 PM.
Uptake experiments on P. carterae demonstrated that this organism will take up [14C]urea and [14C]acetamide (data not shown), even though it will not grow on the latter. This result suggests that this organism lacks an acetamidase enzyme.
The toxicity of fluoroacetamide was tested on CCMP374. Fluoroacetamide is toxic to Chlamydomonas reinhardtii and Aspergillus nidulans due to the intracellular production by acetamidase activity of the toxic compound fluoroacetate from fluoroacetamide (Hynes and Pateman 1970; Gresshoff 1981) . Fluoroacetamide has been used to obtain fluoroacetamide-resistant mutants, some of which lack acetamidase activity. When CCMP374 cells were grown on urea, nitrate, ammonia, acetamide, or no N with or without 100 PM fluoroacetamide, growth was depressed by the compound by 47 to 18% relative to the other N source alone. Fluoroacetamide was not lethal at these levels (data not shown). In fact, CCMP374 could grow on fluoroacetamide as its sole N source but at approximately half the rate of its growth on nitrate. This unfortunately makes acetamidase an unlikely candidate for a selectable marker as it has been used in Aspergillus species (Kelly and Hynes 1985) .
Chlamydomonas is able to grow on acetamide in the dark by using acetate produced by acetamidase as a carbon and energy source. E. huxleyi, however, did not grow in the dark on 1 to 10 mM acetamide, although it would grow well on these concentrations in the light. Fifty millimolar acetamide was toxic in the light under the conditions used.
The enzyme activities of acetamidase and formamidase were measured on cell extracts of nitrate-replete cells by following ammonia production from these compounds. Activity was found predominantly (98-100%) in the soluble fraction after high-speed centrifugation (100,000 X g for 1.5 h), consistent with both these enzymes being intracellular and not cell surface bound. In addition, it was found that the specific activity of formamidase in CCMP374 cell extracts was increased by greater than a factor of 10 by N limitation, much more so than was the specific activity of acetamidase (Fig. 4) .
The amidase-specific activities of two additional strains (CCMP373 and CCMP379) were also examined in Nstarved cells (Fig. 4) . In particular, CCMP373 had a very low formamidase activity, whereas for CCMP374 and CCMP379, formamidase exceeded acetamidase activity.
The possibility that acetamidase or formamidase activity could be due to the enzyme urease because of the chemical similarity of formamide, acetamide, and urea was checked by limiting cells for nickel, a required cofactor for urease (Fig. 5) . Growth of CCMP374 on urea and hypoxanthine was limited by low nickel levels but not growth on amides.
Urea and hydroxyurea-While testing the effect of hydroxyurea (a known inhibitor of phytoplankton ureases; Oliveira and Huynh 1990) on the growth of E. huxleyi on various N sources, we observed that the cells became more fluorescent over the course of a few hours after hydroxyurea (Fig. 6) or thiourea (not shown) additions. This effect is consistent with the oxidation of hydroxyurea by photosystem II followed by the inactivation of photosystem II by the radical formed (Kawamoto et .al. 1994) . As predicted by this hypothesis, the increase in cell fluorescence was light dependent (Fig. 6 ) and resulted in approximately the same fluorescence increase as seen with 10 PM 3-(3,4-dichlorophenyl)-1,l -dimethylurea (DCMU) (in ethanol) additions (not shown). The effect of hydroxyurea was blocked by equimolar urea additions (Fig. 6) . It was mostly blocked by acetamide additions but was only half blocked by formamide additions (not shown). Purines-As part of a general examination of organic N utilization by E. huxleyi, purines were found to support rapid growth rates (for hypoxanthine, the ratio of its growth rate relative to nitrate was 0.85), in contrast to reports in the literature (Antia et al. 1975) . As later shown for other organisms (Oliveira and Huynh 1990; Antia et al. 1991) , growth on purines such as hypoxanthine is dependent on nickel for many phytoplankton. This is true for E. huxleyi CCMP374 as well (Fig. 5) . CCMP1516, CCMP371, CCMP373, strain L, P. parvum, and P. carterae could also grow on hypoxanthine, although with some variations in growth rate. CCMP379 could not grow on hypoxanthine or on urea; the former is thus not surprising given that urease is thought to be required for growth on hypoxanthine. T. pseudonana was used as a control and could not utilize purines as reported (Oliveira and Huynh 1990) .
Transport of hypoxanthine, assayed as removal from the medium, was examined for CCMP374. It was found to occur rapidly in cells that were N starved, but very slowly or not at all in ones growing in exponential phase batch culture on urea or nitrate (Fig. 7) . The N-limited uptake rate in these experiments was equivalent to a doubling time of 2 d assuming this is V,,, for these conditions and with a N quota of 1 X 10-l" mol N cell-l (0.94-1.57 X lo-l3 mol N cell-l calculated with the Redfield ratio and data for E. huxleyi from Sunda [ 19921) . Initial rates as high as N doubling times of 5 h have also been obtained in some experiments.
CCMP374, CCMPl516, and strain L were also tested and could grow on xanthine and guanine as N sources (not shown). CCMP374 was tested and could grow on adenine as a N source, but after a lag period relative to growth on hypoxanthine or guanine (not shown). CCMP374 could not grow on the purine degradation products, uric acid, allatoin, or allantoic acid or the other organic N compounds listed in the methods section. formamide and azetamide. These were taken up into the cell and degraded to ammonia, as seen with transport and in vitro enzyme assays. lYhe transport of acetamide occurs with apparently high affinity, and thus acetamide utilization does not seem to be an artifact of a low-affinity leakage through the urea transport system followed by fortuitous degradation by urease or another enzyme.
Acetamide also seems to be a good N source for other evolutionarily diverged phytoplankton including a diatom and a dinoflagellate as shown here and in some previous work (Neilson alld Larsson 1980) . Although it may be a coincidence, the ;?hytoplankton that were not able to utilize acetamide (P. ca&erae and P. parvum) express cell-surface L-amino acid and amine oxidases especially under N-limited conditions (Palen ik and Morel 1990a,b, 199 1) . These organisms may have a general strategy of utilizing amino acids and perhaps amir,es as favored dissolved organic N sources rather than amides. E. huxleyi on the other hand seems to show strain variation for amino acid utilization. Some strains do not grow wel'. on amino acids as seen here and in Ietswaart et al. (1994) but some do (Flynn 1990) .
Formamide seems to be a poor N source for the phytoplankton tested except for E. huxleyi, where it was consistently a significa.ntly better source than nitrate. It will be useful to see if the utilization of formamide by phytoplankton is as restricted as these initial results imply. In addition, it is also possible that, in contrast to E. huxleyi, some phytoplankton may be able to use longer amides such as butyramide and propio namide.
The different regulation of formamidase and acetamidase activities by N stress in CCMP374 suggests that these may be different enzymes. Consistent with this was the finding for CCMP373 of good growth on acetamide but not on formamide and very low activity of formamidase relative to acetamidase, suggesting that CCMP373 lacks a formamidase. In Chlamydomonas, genetic evidence suggests the presence of a single amidase that can utilize both formamide and acetamide, although growth was significantly slower on formamide possibly due to transport limitation (Gresshoff 1981).
In contrast, AspergiZZus mutants suggest the presence of three amidases, one specific for formamide, a second for acetamide, and a third for more aliphatic amides (Hynes and Pateman 1970) . The bacterium Methylophilus methylotrophus produces an aliphatic amidase and a formamidase, the latter being the only formamidase purified to date (Wyborn et al. 1994) . Based on the results here, E. huxleyi would be predicted to have at least two amidases, one producing ammonia and acetate from acetamide and the other producing ammonia and formate from formamide.
In [14C] acetamide uptake experiments, the calculated uptake rates were on the order of 0.6-l X 10-l" mol cell-l hr-I, only -2% of the rate needed to meet the N demand of the cells if this represented the N uptake rate. This discrepancy does not seem to be due to the lack of acclimation to growth on acetamide in some experiments, as the same rate was measured on acetamide-grown cells resuspended in sterile oligotrophic seawater. This discrepancy could be due to a filtration artifact, even though low filtration pressures were used in the uptake experiments. It could be due to an extracellular acetamidase and uptake of [14C]acetate and ammonia separately, although the fact that acetamidase activity is soluble suggests that this is unlikely. The most likely reason, however, is that the [14C]acetate that would be produced by an acetamidase will mostly leak out of the cell. The cell is relatively carbon replete. Intracellular acetate concentrations will build up in minutes (faster than could be measured with the current method) to millimolar levels if a predicted uptake rate of at least 4.2 X 10-l" mol cell-l hr-I is assumed. Acetate has a relatively high permeability coefficient across membranes and has been shown to rapidly equilibrate across cyanobacterial plasma membranes as discussed in Gibson (1981) and Raven (1984) . Thus, the likely fate, under saturating conditions, is for >90% of the carbon from acetamide to end up as acetate outside the cell. These results are also in accord with those of Bjornsen (1988) , given that E. huxZeyi is a small cell with a higher surface-to-volume ratio and acetate has a higher permeability than do many intracellular solutes. Chemical measurement of this predicted flux was not attempted, however.
In examining the effect of molecules of similar structure to acetamide and formamide, hydroxyurea was observed to cause cells to become more fluorescent over the course of a few hours (Fig. 6 ). This effect is consistent with the oxidation of hydroxyurea by photosystem II followed by the inactivation of photosystem II by the radical formed (Kawamoto et al. 1994 ). This effect was blocked by equimolar urea additions (Fig. 6) , mostly blocked by acetamide additions, but only half were blocked by formamide additions (not shown). Although other explanations might be'possible, the most parsimonious explanation is that urea and acetamide and, to a small extent, formamide block hydroxyurea transport and thus also block the fluorescence enhancement effect. With further development, this effect may be useful in looking at what percentage of a natural phytoplankton population is utilizing urea-like compounds by measuring the ratio of DCMU-enhanced fluorescence to hydroxyurea-enhanced fluorescence. It may be possible to measure this on individual cells with flow cytometry, but only when the systerns are set up to measure variable fluorescence (Furuya and Li 1992; Olson and Zettler 1995) .
E. huxleyi strains were also able to use purines efficiently, growing at -85% of their growth rate on nitrate. This result is in constrast to early reports, but is consistent with the subsequent understanding of the nickel requirement for purine utilization (due to the nickel dependence of urease) in many phytoplankton (reviewed in Antia et al. 1991) . Thus, similar to results by Price and Morel (1991) for nickel and urea, it is possible to have E. huxleyi cells simultaneously nickel and nitrogen limited (see Fig. 5 ) when growing them with hypoxanthine but insufficient nickel to metabolize it. One hundred millimolar nickel chloride added to cultures was sufficient in the presence of f/2 EDTA (11.7 PM) levels to allow growth on hypoxanthine, although it is unclear if nickel ever reaches chemical equilibrium in the system due to slow complexation kinetics.
Transport of hypoxanthine was found to be induced in Nlimited cells as found for many other phytoplankton (Shah and Syrett 1982, 1984; Antia et al. 1991) . This is not surprising owing to the number of enzymes thought to be required for purine degradation to ammonia. Purine transport ability might be a useful physiological indicator of N depletion for these organisms.
Interestingly, E. huxleyi was also able to utilize adenine, which is relatively uncommon in marine phytoplankton and is usually thought to be a characteristic of chlorophytes (Sarcina and Casselton 1995). Growth on adenine followed a lag relative to growth on hypoxanthine or guanine. Because hypoxanthine itself is rapidly transported into N-limited cells only (of the conditions tested, Fig. 7) , there seems to be a regulatory cascade involving first the beginnings of N limitation, followed by induction of hypoxanthine utilization, and then followed by adenine utilization. It is not clear if the cascade is at the level of transport or at the level of degradation. Adenine utilization requires an additional enzyme (adenine deaminase) to convert adenine to hypoxanthine (Deeley 1992) , which could be induced after enzymes for hypoxanthine utilization; alternatively, adenine transport may be induced after hypoxanthine transport. There is evidence from Chlamydomonas that adenine, guanine, and hypoxanthine are transported by the same porter, but growth on adenine still lags that of guanine at least partly due to a 50% slower maximum transport rate (Lisa et al. 1995) .
Nitrogen starvation in E. huxleyi also induces a cell-surface protein, NRPl (Palenik and Koke 1995) , and this protein is also present in cells growing on some organic N sources such as urea and purines (unpubl. data) but not nitrate or ammonia. Based on its regulation, NRPl could in fact be a purine or nickel transporter, but a functional connection between NRPl and organic N utilization has not been proven.
The presence of transport and utilization enzymes for amides and purines in marine phytoplankton as well as for the freshwater chlorophyte Chlamydomonas suggests that these compounds are present in the environment at ecologically relevant concentrations. New analytical measurement techniques are likely to be needed, however, to routinely determine their concentrations in dilute aquatic samples.
It has been proposed that ciliate excretion may be a par-titularly important source of purines in aquatic environments. Thus, there may be a N cycle involving ciliates and phytoplankton mediated by purines that bypasses the heterotrophic microbial loop if the purine molecules are completely intracellularly metabolized (Antia et al. 1980) . Unfortunately, no information is available on the concentrations or sources of small amides. Photodegradation of dissolved organic material may be a mechanism for their production as this has been shown to produce small organic molecules such as acetate (Kieber et al. 1989) . Atmospheric input may be a source of amides as well (Cornell et al. 1995) . It is also possible that amides are a byproduct of a common metabolic degradative pathway in the same way as urea. In contrast to purines, the metabolism of amides may not bypass the microbial loop because some data here suggest that the phytoplankton may not always metabolize the organic carbon produced by amidases. The interactions of phytoplankton, heterotrophic bacteria, and organic N sources are thus likely to be complex and dependent on the physiological state of the organisms and the particular compound.
